Coeliac disease is a gluten-sensitive enteropathy that develops in genetically susceptible individuals. The disease exhibits many features of an autoimmune disorder. These include the production of highly specific antiendomysial autoantibodies directed against the enzyme tissue transglutaminase. It is well accepted that wheat-, barley-and rye-based foods should be excluded in the gluten-free diet. Although several studies report that oats ingestion is safe in this diet, the potential toxicity of oats remains controversial. In the current study, 46 coeliac patients ingested oats for 1 year and were investigated for a potential immunogenic or toxic effect. Stringent clinical monitoring of these patients was performed and none experienced adverse effects, despite ingestion of a mean of 286 g of oats each week. Routine histological analysis of intestinal biopsies showed improvement or no change in 95% of the samples examined. Furthermore, tissue transglutaminase expression in biopsy samples, determined quantitatively using the IN Cell Analyzer, was unchanged. Employing immunohistochemistry, oats ingestion was not associated with changes in intraepithelial lymphocyte numbers or with enterocyte proliferation as assessed by Ki-67 staining. Finally, despite the potential for tissue transglutaminase to interact with oats, neither endomysial nor tissue transglutaminase antibodies were generated in any of the patients throughout the study. To conclude, this study reaffirms the lack of oats immunogenicity and toxicity to coeliac patients. It also suggests that the antigenic stimulus caused by wheat exposure differs fundamentally from that caused by oats.
Introduction
Coeliac disease is a gluten-sensitive enteropathy that develops in genetically susceptible individuals [1] [2] [3] . The presence of gluten in the diet is essential for coeliac disease to manifest, and a gluten-free diet is a highly effective treatment for this disorder. The traditional diet is based on the exclusion of all wheat protein products and, until recently, barley, rye and oats cereal foods were also excluded. However, unequivocal evidence that these latter three cereals are toxic is sparse. Because oats are related phylogenetically more distantly to the other cereals [4] , their true toxicity was particularly questioned. This led to the original oats challenge studies, which reported that oats did not cause activation of coeliac disease [5, 6] . More recent studies of paediatric and adult coeliac patients supported these earlier observations [7] [8] [9] [10] [11] . However, other investigators reported that oats could activate coeliac disease in some patients, and suggested that if oats were taken in sufficient quantity over a longer time-period the cereal might prove to be toxic [12, 13] . Moreover, it was postulated that the mucosal inflammation in oats-reactive patients was caused by oats-avenin activated intestinal T cells [13] . It was demonstrated that the oats reactivity of cell lines was human leucocyte antigen (HLA)-DQ2-restricted and enhanced by deamidation of peptides by tissue transglutaminase. As a consequence of these reports, and continuing concerns about the safety of oats, in two recent reviews caution was advised and it was suggested that oats might not be tolerated by all coeliac patients [14, 15] .
In view of the continuing debate about oats toxicity, a group of treated coeliac patients taking 50 g of oats daily for 1 year were investigated in this study. Clinical monitoring of patients was particularly stringent and included maintaining a daily symptom diary with formal clinical evaluation every 3 months. Particular focus was given to immunological events, and these included monitoring the expression of tissue transglutaminase protein in intestinal biopsy tissue; documenting the extent of epithelial infiltration by lymphocytes and enterocyte proliferation in intestinal biopsies; and monitoring levels of endomysial and anti-tissue transglutaminase autoantibodies.
Materials and methods

Patients
Fifty-four patients with biopsy proven coeliac disease were recruited into the study. The oats were sourced from Peter Kölln and confirmed to be free from other grains [6] . A target oats intake of 50 g per day for 1 year was planned. Eight patients failed to complete the study, and details of the remaining 46 are given in Table 1 . Thirty-seven of these patients were categorized as having treated coeliac disease, adhering to a gluten-free diet for a mean of 10 years. A further nine patients were diagnosed more recently, and six of these started oats within 3 months of their diagnosis and commencing a gluten-free diet.
Approval for the study was granted by the Hospital Ethics Committee.
Clinical monitoring
Patients were requested to maintain a symptom diary for the duration of the study and were assessed clinically on a 3-monthly basis. Patients were questioned about general wellbeing and specifically about the development of symptoms such as mouth ulcers, dyspepsia, alteration in bowel habit and skin rash or itch. They were also weighed and their body mass index calculated. Blood tests, including endomysial antibody serology, haemoglobin level, white cell differential and platelet count, were performed on six occasions throughout the study.
Coeliac antibody tests
The endomysial antibody assay was carried out using an indirect immunofluorescence technique, as described previously [16] . A commercial enzyme-linked immunosorbent assay (ELISA) kit (Celikey; Pharmacia Diagnostics, Uppsala, Sweden) was used to measure immunoglobulin (Ig)A antitissue transglutaminase antibodies, and this test was performed on serum samples obtained at study completion.
Small intestinal histology
All patients had a duodenal biopsy taken prior to the start of the oats challenge. In the majority (78%), the biopsy was taken within a 12-month period prior to commencement of the oats challenge. In eight patients, with indicators that their disease was in stable remission, a biopsy taken more than 1 year before the challenge was used as the baseline test. A second biopsy was taken at the end of the study, and in 87% this was taken within 8 weeks of study completion. The haematoxylin and eosin-stained duodenal biopsy sections were examined by an experienced histopathologist in a blinded and random manner. Features suggestive of coeliac disease activity, including villous atrophy, increased intraepithelial lymphocytes, enterocyte nuclear disarray, crypt hyperplasia and increased lamina propria cellular infiltrate, were documented. A Marsh score [17] was assigned in the following manner: Marsh 0, normal duodenal architecture; Marsh 1, normal duodenal architecture with an increase in intraepithelial lymphocytes; Marsh 2, partial villous atrophy; and Marsh 3, total villous atrophy.
Immunohistochemistry and immunofluorescence
Immunohistochemical staining was carried out on 4-mmthick formalin-fixed paraffin-embedded tissue sections from 19 patients, as described previously [18] . Following antigen retrieval with citrate buffer, slides were incubated with anti-Ki-67, anti-CD3 or anti-CD8 antibodies (all from Novocastra Laboratories, Newcastle upon Tyne, UK), followed by the avidin-biotin-peroxidase complex detection procedure (Vector Laboratories, Burlingame, CA, USA). Sections were then incubated with diaminobenzidine and counterstained with haemotoxylin (Sigma-Aldrich, Arklow, Wicklow, Ireland). Finally, the slides were coded and assessed in a blinded manner. In the case of anti-Ki-67-stained sections, the number of positively stained cells within five fields were counted and the percentage of positive cells calculated; for CD3 and CD8 the number of positively stained cells within 500 cells of the surface epithelial layer were counted and the percentage calculated.
In further immunofluorescence studies, tissue sections were incubated with antibody to tissue transglutaminase (Roboscreen, Leipzig, Germany) followed by an AlexaFluor 568 -conjugated secondary goat anti-rabbit antibody (BioSciences, Dublin, Ireland). Sections were also incubated with antibody to smooth muscle alpha-actin (Sigma-Aldrich) followed by a secondary goat anti-mouse fluorescein isothiocyanate (FITC) antibody (Dako, Glostrup, Denmark). In order to visualize nuclei, slides were then incubated with Hoechst 33258 (Sigma-Aldrich). The extent of antibody labelling in peri-cryptal regions of biopsy pairs was then determined by high-resolution digital fluorescent microscopy followed by advanced image analysis [19] using the IN Cell Analyzer 1000 HCA platform (GE Healthcare, Little Chalfont, UK). Data were expressed as the percentage total area of tissue staining positive for smooth muscle alpha-actin and tissue transglutaminase (with a threshold of ¥1·5 above background).
Results
Patient clinical assessments
Forty-six of the 54 patients who enrolled initially completed the study. The reasons for withdrawal in the eight patients were failure to adhere to the study protocol (five patients); emigration (two patients); and the development of breast cancer (one patient). None of these eight patients reported adverse reactions to the oats supplement.
The 46 patients who completed the study consumed a mean of 286 g oats per week (range 97-513 g) for a median duration of 48 weeks (range 33-58). Several patients reported mild symptoms such as flatus and abdominal distension with oats addition to their diet. No significant change was seen in body weights or body mass indices. Similarly, routine laboratory tests remained normal for the duration of the oats challenge.
Small intestinal histology
Following oats challenge, suitable biopsy material was available for routine histological analysis on 44 of the 46 patients (Table 2 ). In 42 patients (95·5%) the histological lesion had either improved or not changed. Two patients showed histological disimprovement while ingesting oats (Table 2 ). In one of these, the level of disimprovement was marginal (from Marsh grade 1 to Marsh 2); moreover, both dietetic and serological review suggested that the patient was not fully compliant with the gluten-free diet. The second patient also had a Marsh grade 2 lesion at study completion but then continued to ingest oats for a further 8 months, and a third biopsy taken at this time showed marked histological improvement, with a Marsh grade 1 lesion.
Coeliac antibody serology
At the commencement of the study, 37 patients had a negative endomysial antibody test (Table 1) . Repeat testing throughout the study confirmed that almost all patients remained antibody-negative, with 89% of the total 275 tests in the study giving negative results. Only 16 samples were endomysial antibody-positive and these were sourced from four newly diagnosed coeliac patients and from two treated patients with known poor dietary compliance. At the completion of oats challenge, 44 of the 46 patients had a negative endomysial antibody test. The two patients with positive endomysial antibodies at study end were among the recently diagnosed subgroup (Table 2) . Tissue transglutaminase autoantibody tests mirrored endomysial antibody results, and 44 subjects had a negative test (< 5 arbitrary units, AU). The two patients who were endomysial antibody-positive had tissue transglutaminase autoantibody levels that were minimally elevated (5·1 AU) or moderately elevated (16·8 AU).
Immunohistochemistry
Pre-and post-oats biopsy samples in 19 patients were stained for expression of Ki67, CD3 and CD8. The addition of daily oats caused no significant change in the extent of staining for any of these markers (Table 3 ). In the case of Ki67, 53% of enterocytes stained positively before oats and 56% at study end [95% CI -11·57 to 5·47%]. The percentage of cells staining with anti-CD3 was 24% before and 23% after oats challenge [95% CI -4·25 to 5·89]. Similarly, with anti-CD8 antibody, the percentage of cells with positive staining before oats was 31% and 28% following oats ingestion [95% CI -4·49 to 10·01]. 
Quantitative immunofluorescence
To examine further the potential immunogenic or toxic effect caused by oats, pre-and post-oats biopsy sections from 16 patients were stained with anti-tissue transglutaminase and anti-smooth muscle alpha-actin antibodies. Elongated stellate cells in the peri-cryptal region, just beneath the basement membrane, were found to express both proteins. These cells were identified as myofibroblasts, based on their morphological appearance and expression of smooth muscle alpha-actin (Fig. 1) .
The extent of antibody labelling in peri-cryptal regions was then determined, employing high-resolution digital fluorescent microscopy followed by image analysis using the IN Cell Analyzer [19] . Expression of tissue transglutaminase before oats was 1·02% and after oats 1·24% [95% CI -0·75 to 0·30], P = 0·3741, not significant (n.s.). Smooth muscle alpha-actin expression was 2·42% before oats and 3·23% after oats [95% CI -1·99 to 0·36] P = 0·1602, n.s. (Table 3 ).
Discussion
In this study, 46 patients with coeliac disease adhering to a gluten-free diet added oats to their daily diet for 1 year, and none experienced significant adverse effects. Detailed clinical, serological and histological evaluations were performed throughout the study and oats ingestion did not cause activation of coeliac disease. Tissue transglutaminase and smooth muscle alpha actin expression in intestinal histological sections were also measured quantitatively and levels were not altered by daily oats ingestion. 
The percentage of enterocytes expressing Ki-67 and percentage of intraepithelial cells expressing CD3 and CD8 before and after oats challenge are shown. The percentage of total tissue area expressing tissue transglutaminase (tTG) and smooth muscle alpha actin (SM a-actin) before and after oats ingestion is also shown. Routine histological analysis of tissue sections after oats challenge showed histological improvement or no change in 95% of the available samples from 42 of the 44 patients. In the two remaining subjects, the inflammatory lesion had disimproved but, in both, poor adherence to the gluten-free diet was documented and was considered responsible. More detailed analysis was performed on samples from 19 subjects. Whereas infiltration of the epithelium by CD8
+ T cells is a classic finding in activation of the coeliac lesion [11, 20] , in this study oats challenge caused no change in these cell numbers. A similar finding has been made in previous studies [11, 21] . Similarly, oats in the diet did not alter the extent of enterocyte Ki67 expression, in keeping with the findings of our earlier 3-month challenge study [22] . In patients with active coeliac disease [23] [24] [25] , and following gliadin challenge in organ culture experiments [23] , increased expression of Ki67 by epithelial cells reflecting increased cell turnover has been reported.
The IN Cell Analyzer, which enables the extent and intensity of fluorescence staining to be documented digitally [19] , was used to measure the level of expression of tissue transglutaminase and smooth muscle alpha actin proteins in biopsy tissue. Oats ingestion for 1 year caused no change in the level of expression of either molecule. Smooth muscle alpha actin was expressed primarily in elongated stellate cells, identifying these cells as myofibroblasts [26] , and these were found in a peri-cryptal location. Tissue transglutaminase was also expressed strongly in these cells. This concurs with earlier reports of expression of this enzyme in cells with a similar morphology [27] . Increased tissue transglutaminase expression in the coeliac small intestine has been reported previously [27] [28] [29] , and expression has been shown to decrease with gluten-free diet therapy [28, 29] . Several studies have demonstrated that tissue transglutaminase plays a role in inflammation and wound healing [30] [31] [32] [33] ; nuclear factor (NF)-kB signalling, which is elevated in the coeliac small intestine [34] , may mediate its increased expression. In addition to increased expression of this enzyme, we have also observed increased smooth muscle alpha actin expression in active coeliac biopsies in comparison to biopsies from treated subjects or normal controls (manuscript in preparation).
If oats have the potential to activate coeliac disease and behave like other toxic cereals, as has been reported [13] , it might be expected that oats ingestion would result in the generation of an anti-endomysial or anti-tissue transglutaminase antibody response. However, despite a mean oats intake of 286 g per week, the patients in this study did not develop these antibodies. Other oats challenge studies have reported a similar finding [8] [9] [10] [11] . During this study, only four newly diagnosed coeliac patients and two treated patients with known poor dietary compliance were positive for anti-endomysial antibodies. Samples at the end of the study were also tested for anti-tissue transglutaminase antibody levels and the results concurred with the endomysial antibody tests.
The potential immunogenicity and toxicity of oats to patients with coeliac disease continues to be debated [13] [14] [15] . Avenin is the alcohol-soluble protein fraction of oats and contains some homologous sequences with the equivalent fractions in wheat (gliadin), barley (hordein) and rye (secalin) [35] . Moreover, some avenin peptide sequences are susceptible to tissue transglutaminase deamidation and found to induce proliferation of gliadin-reactive T cell lines with production of interferon (IFN)-g [35] . In the study by Arentz-Hansen et al. [13] , avenin-reactive T cell lines were generated, with avenin reactivity enhanced by the addition of tissue transglutaminase. Furthermore, the reaction was shown to be HLA-DQ2-restricted. Although the overall properties of avenin, including a lower number of proline residues, make this cereal less immunogenic to coeliac patients, it was argued none the less that in some individuals avenin-reactive T cells could activate coeliac disease.
There are many lines of evidence against oats being toxic in coeliac patients, including the fact that the avenin content of oats is considerably lower than equivalent proteins in wheat, barley and rye [4] . Many clinical studies have found no evidence of oats toxicity and several of these, including this study, have been of extensive duration, lasting a year or longer [10, 11, 21] . Several of these studies have been on children, and children commonly display rapid evidence of toxicity when given a gluten challenge [11, 20] . Even when detailed immunohistological examination was performed on biopsy tissue after oats challenge, no evidence of toxicity was observed, as described here and in other studies [11, 22, 24] .
In conclusion, detailed analysis of the large patient cohort reported in this study reaffirms the lack of oats toxicity to coeliac patients. This conclusion is based on the absence of clinical symptoms, serological changes or histological markers of disease activity during oats consumption. The findings also raise fundamental issues concerning differences in the antigenic stimulus caused by gliadin exposure in coeliac disease, compared with avenin exposure.
